Ant-associated microorganisms can play crucial and often overlooked roles, and given the diversity of interactions that ants have developed, the study of the associated microbiomes is of interest. We focused here on specialist plant-ant species of the genus Allomerus that grow a fungus to build galleries on their host-plant stems. Allomerus-inhabited domatia, thus, might be a rich arena for microbes associated with the ants, the plant, and the fungus. We investigated the microbial communities present in domatia colonised by four arboreal ants: Allomerus decemarticulatus, A. octoarticulatus, A. octoarticulatus var. demerarae, and the non-fungus growing plant-ant Azteca sp. cf. depilis, inhabiting Hirtella physophora or Cordia nodosa in French Guiana. We hypothesized that the microbial community will differ among these species. We isolated microorganisms from five colonies of each species, sequenced the 16S rRNA or Internal TranscribedSpacer (ITS) regions, and described both the alpha and beta diversities. We identified 69 microbial taxa, which belong to five bacterial and two fungal phyla. The most diverse phyla were Proteobacteria and Actinobacteria. The microbial community of Azteca cf. depilis and Allomerus spp. differed in composition and richness. Geographical distance affected microbial communities and richness but plant species did not. Actinobacteria were only associated with Allomerus spp.
Introduction
The emergence of social life promoted the ecological success of the social species, but it also had profound evolutionary, ecological, and economic impacts on many other species, thus shaping life on Earth [1] [2] [3] . Indeed, the dominance of social species can have important consequences for the functioning of ecosystems and biodiversity in general [4] . On the other hand, sociality is associated with costs linked to the many potential risks associated with living in a group [5] [6] [7] . Thus, one can expect that both fitness benefits and costs shape the communities of organisms associated with social species.
Social insects, particularly ants, are good examples of these successful social organisms. They are considered as ecological engineers involved in many key ecosystem processes [2, 8] and, given the high relatedness within colonies, the spread of pathogens and parasites can have strong deleterious effects both at the individual and colony levels [9] . Therefore, ant-associated microorganisms have received particular attention, mainly focusing on the complex multipartite networks of interactions among fungus-growing ants, their associated fungi, and a diversity of both detrimental and beneficial associated microorganisms [3, [10] [11] [12] [13] [14] [15] [16] [17] [18] . Non fungus-growing ants also exhibit the ability to modify both abiotic and biotic characteristics, thus selecting for different microbial communities while boosting microbial diversity in their nests [19] [20] [21] [22] .
The recent discovery of bacteria and fungi associated with plant-ants (i.e., ants associated with myrmecophytes or plants providing them with a nesting place in the form of hollow structures called "domatia") shed light on an overlooked role of microbiomes in ant-plant interactions [23] [24] [25] [26] . It has also contributed to improving our understanding of how ants regulate their immediate environment and, thus, how they affect the diversity and functioning of the ecosystem. Moreover, myrmecophytes constitute a robust system that can be studied in order to answer such questions, since they are most often inhabited by one or a few specialized plant-ant species, with usually one colony per plant [27] [28] [29] . In addition, the environmental conditions provided by myrmecophytes can be considered as different from the surroundings, so that the microorganisms found inside the domatia are expected to differ according to the identity of both the associated ant species and the plant. As a consequence, both the local environment provided by the plant and the traits of the ant species might affect the diversity and composition of the associated microbial communities, which can be considered as a selection force or niche-filtering [30, 31] .
Here we investigated the bacterial and fungal microorganisms associated with two sympatric ant-plants, Cordia nodosa Lamarck (Boraginaceae) and Hirtella physophora Martius and Zuccharini (Chrysobalanaceae), and their associated ants at two sites in French Guiana. These myrmecophytes are mainly inhabited by ants of the genus Allomerus (Myrmicinae), but C. nodosa can also host Azteca sp. cf. depilis (Dolichoderinae) [32] . Ants of the genus Allomerus are specific plant-ants [33] that have developed a particular behaviour for prey capture, which relies on the construction of galleries on their host plants to ambush prey [34] . To this end, they have evolved the practice of a novel kind of fungal agriculture with non-nutritional purposes, which involves highly fine-tuned multipartite plant-ant-fungus-bacteria associations [26, [35] [36] [37] . We isolated and identified bacteria and fungi present inside the domatia of the two plants inhabited by the different ant species and hypothesized that a strong niche filtering affected the microbial diversity and composition. That is, that the microbial community might be influenced by the location of the sampling site, and that both the species of the plants and the ants should influence bacteria and fungi present inside the domatia.
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Material and Methods

Sampling
Samples were collected at two locations in French Guiana, Montagne des Singes (MdS: 5 • 04'21.92" N; 52 • 41'51.13" O) and Basevie (Bsv: 5 • 05'21.91" N; 53 • 01'28.39" O), between January and February 2009. Both sites were located about 40 km from each other. It should be noted the microbial isolation, culture and sequencing were performed just after the samples were collected (see methods below), while microbial identifications have been updated more recently, thus reflecting the potential changes in the GenBank database, which could have occurred since the sampling period. We randomly selected five colonies of each of four plant-ant species that inhabit the domatia of two myrmecophytic plant species: Cordia nodosa Lamarck (Boraginaceae) and Hirtella physophora Martius et Zuccharini (Crysobalanaceae). In the Montagne des Singes area, C. nodosa is colonized by either Allomerus octoarticulatus var. demerarae or Azteca sp. cf. depilis, and H. physophora is colonized both by A. decemarticulatus or A. octoarticulatus. Note that the two A. octoarticulatus species are different, cryptic species, and each is associated to a single host plant species, H. physophora or C. nodosa, in French Guiana. These two A. octoarticulatus species cannot be separated based on morphology alone. However, they separate into monophyletic sister clades based on the barcoding of the COI (Cytochrome c oxidase subunit I) gene fragment [38] . Allomerus octoarticulatus var. demerarae appears always and solely associated with C. nodosa, whatever its geographic origin, while A. octoarticulatus can be associated with a variety of host plants over its distribution range, although only found inhabiting H. physophora in French Guiana.
In Basevie, C. nodosa was colonized only by A. octoarticulatus var. demerarae and H. physophora only by A. decemarticulatus.
The C. nodosa domatia are located in the stems below each sympodial fork [39] , while in H. physophora they result from the curling under of the leaf margin on either side of the petiole [40] . For each of the 30 plants with well-established ant colonies, we collected three leaves with domatia from the upper part of the plants to minimize the potential contamination of the leaves with soil microbiota. Leaves were collected from opposite branches. We sampled leaves of similar age based on their colouration. Then, domatia were individually transported in sterile zip bags to the laboratory. Each domatia was dissected with flame sterilized forceps and scalpel. We used 100 µL of sterile physiological saline solution (0.90% w/v NaCl) to thoroughly wash the inner walls and collect as many microorganisms as possible. Each sample was stored at 4 • C in 1.5 mL Eppendorf vials.
Microbial Isolation and Identification
Dilutions of the samples (1/10 6 ) were prepared after being gently vortexed, and 50 µL of dilution were plated on solid MYG medium (1% malt extract, 0.4% yeast extract, 0.4% glucose, 1.5% agar). Two plates were inoculated by sample, and the cultures were kept in dark conditions at 20 • C for up to 15 days. Afterward, we selected random bacterial and fungal colonies belonging to every potentially different morphospecies based on colony colour, size, and shape. Fungi were transferred to new plates to obtain pure cultures.
Fungal DNA was extracted from mycelium pieces with the Chelex ® method [41] , and we used direct PCR of intact bacteria as template. The 16S rRNA region of bacteria was amplified using the FD1 and RP2 primers [42] and the fungal ITS region of the rRNA with ITS1 and ITS4 primers [43] . PCR products were sequenced by Genoscreen (Lille, France), and edited with Chromas 2.6.5 (Technelysium Pty Ltd, Brisbanes, Australia). We checked for the closest sequences in GenBank [44] by following a BLAST procedure. 
Alpha Diversity
Species richness was calculated as the total number of microbial species present in each community (S), and species abundance as the total number of microbial isolates of each species that appeared in our samples (N). To take into account sample size, we calculated the Margalef's index of species richness (D MG = S−1 LnN ) obtained with the 'vegan' R package. Then, to describe the alpha diversity, we obtained five indexes with the 'phyloseq' R package: Chao (± SE), Shannon, Simpson, Inversed Simpson, and Fisher. We also calculated the percentage of completeness as C(%) = S Chao . All calculations were conducted for Site (Basevie and Montagne des Singes), Plant (C. nodosa and H. physophora), Ant (A. decemarticulatus, A. octoarticulatus, A. octoarticulatus var. demerarae and Azteca sp. cf. depilis), and their interactions of Site × Plant, Site × Ant, Plant × Ant, and Site × Plant × Ant. The values of the Shannon indexes between pairs of communities were compared using Student's t-test, and p-values were corrected using a Bonferroni adjustment. Species rarefaction curves were plotted on the expected number of species, and species accumulation curves or sample rarefaction (Mao tau) were computed as a function of the six communities using PAST software [45] . For both curves, the standard errors were converted as 95% confidence intervals.
Beta Diversity
We calculated Bray-Curtis dissimilarities and, then, we clustered together the six microbial communities (Site × Plant × Ant) of domatia with the 'picante' R package. Furthermore, to visualize the level of similarity among microbial communities across Site × Plant × Ant and colonies, we conducted multidimensional scaling multivariate data analysis. Then, we conducted a multivariate analysis of variance (MANOVA) using the distance matrix with 999 permutations, and a multilevel pairwise comparison (permutational multivariate analysis of variance, PERMANOVA) to the Bray-Curtis distances with 40,000 permutations, using the 'vegan' package from R [46] . Furthermore, to validate the relevance of the pairwise comparisons after the PERMANOVA we performed a pairwise permutation MANOVA with 40,000 permutations, as found in R package 'RVAideMemoire'.
Results
Microbial Isolation
A total of 67 bacteria species and two fungi species were isolated, and identified after 16S or ITS sequencing, across all ant domatia ( Table 1) . Bacteria belonged to the phyla Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria. Among the 11 bacterial orders, the best represented were the Rhizobiales (14 species), Enterobacterales (10), Micrococcales (9), Pseudomonadales (9) and Xanthomonadales (9) . One Dothideomycetes (Ascomycota) and a Tremellomycetes (Basidiomycota) were also isolated. While Actinobacteria species (9) were not present in Azteca sp. cf. depilis nests, the two fungal species were only isolated from them. Firmicutes (class Bacilli) species were only present in A. decemarticulatus. Three bacteria were present in all ant species across all sites and plants: the insect symbiont Ochrobactrum sp. 1, Sphingomonas echinoides, and Luteibacter cf. yeojuensis st 2. Finally, Arthrobacter sp. 1 and Burkholderia sp. 9 were exclusively associated with Allomerus spp. Overall, we found 20 bacterial genera in A. decemarticulatus (18 families), A. octoarticulatus (14 families), and Azteca sp. cf. depilis (12 families) domatia, and 19 in A. octoarticulatus var. demerarae (14 families).
Alpha Diversity
The rarefaction curve and the completeness values suggest that the microbial communities present in A. octoarticulatus var. demerarae are better characterised compared to the other four communities ( Figure 1A,B ; Table 2 ). That is, the slopes of the C. nodosa curves appear to be different from the H. physophora slopes, and indicate that total microbial diversity would likely be different between the plant species if more samples were collected. We found an overall significantly higher microbial species richness in Montagne des Singes than in Basevie (Tables 2 and 3 ). There were no differences in species richness or evenness between plant species, although Chao's abundance-based richness was higher in H. physophora than in C. nodosa (Table 2) . Microbial richness associated with Azteca sp. cf. depilis (18) was more than half lower compared with A. decemarticulatus (43) or A. octoarticulatus (47) , and thus exhibited significantly lower species richness and evenness (Table 3 ). When we analysed the diversity associated with the Site × Plant interaction, we found that C. nodosa from Basevie (21 species) had the lowest species richness and diversity, while the highest was found in H. physophora (40) from Montagne des Singes (Table 3) . When investigating nest microbial diversity associated to Site × Ant communities, we found significant differences in richness in Montagne des Singes between Azteca sp. cf. depilis and A. decemarticulatus, A. octoarticulatus, and A. octoarticulatus var. demerarae (Table 3 ). In the interaction Plant × Ant, the only significant differences in species richness were between the microbial communities associated with Azteca sp. cf. depilis from C. nodosa, A. decemarticulatus colonising H. physophora, and A. octoarticulatus var. demerarae from C. nodosa (Table 3 ). Finally, in the Site × Plant × Ant interaction, the only microbial communities that exhibited significant differences in richness were those associated with Azteca sp. cf. depilis in C. nodosa and A. decemarticulatus in H. physophora, both from Montagne des Singes ( Table 3 ).
The rarefaction curve and the completeness values suggest that the microbial communities present in A. octoarticulatus var. demerarae are better characterised compared to the other four communities ( Figure 1A,B ; Table 2 ). That is, the slopes of the C. nodosa curves appear to be different from the H. physophora slopes, and indicate that total microbial diversity would likely be different between the plant species if more samples were collected. We found an overall significantly higher microbial species richness in Montagne des Singes than in Basevie (Tables 2 and 3 ). There were no differences in species richness or evenness between plant species, although Chao's abundance-based richness was higher in H. physophora than in C. nodosa (Table 2) . Microbial richness associated with Azteca sp. cf. depilis (18) was more than half lower compared with A. decemarticulatus (43) or A. octoarticulatus (47) , and thus exhibited significantly lower species richness and evenness (Table 3 ). When we analysed the diversity associated with the Site × Plant interaction, we found that C. nodosa from Basevie (21 species) had the lowest species richness and diversity, while the highest was found in H. physophora (40) from Montagne des Singes (Table 3) . When investigating nest microbial diversity associated to Site × Ant communities, we found significant differences in richness in Montagne des Singes between Azteca sp. cf. depilis and A. decemarticulatus, A. octoarticulatus, and A. octoarticulatus var. demerarae (Table 3 ). In the interaction Plant × Ant, the only significant differences in species richness were between the microbial communities associated with Azteca sp. cf. depilis from C. nodosa, A. decemarticulatus colonising H. physophora, and A. octoarticulatus var. demerarae from C. nodosa (Table 3 ). Finally, in the Site × Plant × Ant interaction, the only microbial communities that exhibited significant differences in richness were those associated with Azteca sp. cf. depilis in C. nodosa and A. decemarticulatus in H. physophora, both from Montagne des Singes (Table 3 ). 
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Beta Diversity
The dendrogram based on Bray-Curtis dissimilarities grouped the two microbial communities of Basevie into a clade, the microbial communities from Allomerus domatia in a second clade and the community from Azteca sp. cf. depilis into a third clade ( Figure 2A) . Moreover, the clades are related to the phylogenetic diversity of each microbial community ( Figure 2B ,C). We found overall significant differences among the six microbial communities (F 5,89 = 2.6544; p-value = 0.001). The multilevel pairwise comparison detected differences for 10 pairs of communities (Table 3 , which were further confirmed by the pairwise permutation MANOVA. The MDS mapping ( Figure 3 ) was well supported by the non-metric fit of R 2 = 0.948, although the linear fit (R 2 = 0.708), and the stress (S = 0.228) values were slightly weak. Table 1 . Identification of the taxa isolated from the six communities of arboreal ants and frequency of each species per community. The first column corresponds to the microbial species found in this study with their GenBank accession numbers. Second and third columns provide information about the GenBank taxid closest to our sequences and their percentage of sequence identity. Other columns represent the frequency of each microbial sequence in the studied communities. Azt: Azteca sp. cf. depilis; Ao: Allomerus octoarticulatus; Aod: A. octoarticulatus var. demerarae; Ad: A. decemarticulatus; M: Montagne des Singes; B: Basevie; C: C. nodosa; H: H. physophora.
Microbial Species in Domatia (New GENBANK Accession)
Phylum-Class-Order-Family-Species to the phylogenetic diversity of each microbial community ( Figure 2B ,C). We found overall significant differences among the six microbial communities (F5,89 = 2.6544; p-value = 0.001). The multilevel pairwise comparison detected differences for 10 pairs of communities (Table 3 , which were further confirmed by the pairwise permutation MANOVA. The MDS mapping ( Figure 3 ) was well supported by the non-metric fit of R 2 = 0.948, although the linear fit (R 2 = 0.708), and the stress (S = 0.228) values were slightly weak. 
Discussion
Microbial Diversity and Composition
The microbial diversity of the studied plant-ant species is similar in genera numbers to the one found associated with fungus-growing ants in their nests [13] , even if the taxonomic diversity studied here is based on the microbial ability to grow on media and, thus, the presence of more species can be expected. In another ant-plant associations between Azteca alfari and Cecropia peltata, Lucas et al. [47] found 22 bacterial phyla across internal and external structures of the plant but 90% of the microbial diversity corresponded to Proteobacteria and Actinobacteria taxa. This study also demonstrated the role that ants play in shaping the composition of microbial communities inside their nests, as it has been shown here too, which can be considered as an effect of niche filtering (see below).
That Allomerus ants were associated with the highest number of bacterial species compared to Azteca ants, which can be explained either by the fact that they cannot filter as many microbial species as Azteca spp., or because they allow and select a wider microbial community composition because of more complex functional roles. It is particularly relevant that only these ants harboured Actinobacteria species because the defensive role of some species in fungus gardens of Attine ants is well known [11, 48] ; and because Allomerus ants practise a particular type of fungiculture in their colonies [26] . Recent work investigating the Azteca spp. microbiome from myrmecophytic Cecropia, 
Discussion
Microbial Diversity and Composition
That Allomerus ants were associated with the highest number of bacterial species compared to Azteca ants, which can be explained either by the fact that they cannot filter as many microbial species as Azteca spp., or because they allow and select a wider microbial community composition because of more complex functional roles. It is particularly relevant that only these ants harboured Actinobacteria species because the defensive role of some species in fungus gardens of Attine ants is well known [11, 48] ; and because Allomerus ants practise a particular type of fungiculture in their colonies [26] . Recent work investigating the Azteca spp. microbiome from myrmecophytic Cecropia, found different Actinobacteria species [47] from the ones identified here for Azteca sp. cf. depilis. One species of Proteobacteria, Pseudomonas citronellolis, was recorded as associated with both Azteca sp. cf. depilis (this study) and Az. alfari [47] . This species could be specifically associated with Azteca ants. Previous work on bacteria associated with both fungus-growing and arboreal ants detected bacteria from diverse genera that perform different roles, such as defence against parasites and diseases, plant substrate degradation, and nitrogen fixing bacteria from the genera Burkholderia, Curtobacterium, Enterobacter, Escherichia, Pantoea, and Rhizobium [10, 13, [49] [50] [51] . We have found bacterial species from all these genera that could perform similar roles. First, they can complement the behaviour of Allomerus ants that chew the walls of the domatia to prepare vegetal substrate and culture their mutualistic fungus Trimmatostroma cordae [26] . Second, they could act in reinforcing the active transfer of nitrogen to the plant mediated by the mutualistic fungus [36] . Third, they could play a role in the defence of the domatia against diseases by limiting pathogen proliferation.
Variations in Microbial Communities
The observed richness of microbial communities appears driven by both distance (geography) and ant species identity, as a result of niche filtering. That is, the effect of site location in microbial composition means horizontal acquisition of local bacterial species or strains. Furthermore, the effect of ant species in microbial richness suggest the presence of ant-engineered microbial communities. Whether these microbial communities are vertically transmitted or filtered from the environment by the ants remains unclear. Host plant species, however, do not seem to have an effect on richness or evenness of microbial species in domatia. Therefore, in the studied systems, plant species do not contribute to niche filtering. Indeed, the microbial communities associated with Azteca sp. cf. depilis appeared different from the ones associated with Allomerus ants, both in terms of richness and composition. Moreover, the pairwise comparison of the composition of bacterial communities highlighted differences between A. octoarticulatus inhabiting C. nodosa from Basevie and the other communities but A. octoarticulatus from Montagne des Singes. On the one hand, the ant species effect might be related to an active selection of potentially beneficial microorganisms by the ants; or at least the removal of pathogens. It could be also linked to differences in the environmental conditions in the domatia, not related to the plant species, but to the ants. On the other hand, the geographic effect might be driven by dispersal limitations of the microorganisms and/or differences in the local abiotic environment, surrounding plant species or even ant diet. Allomerus ants are omnivores; however, because of their particular behaviour in practising a highly specialised type of agriculture, they can be expected to exert a strong selective pressure on the composition of the microbial community such that healthy fungal symbionts are maintained [26] . The lack of bacterial communities specifically associated with host plant species is supported by previous work in acacia-ants [52] . All these results strongly suggest an active role of ants in the assemblage of their associated microbial communities.
Conclusions
Altogether our results show that the microbial communities present inside the domatia of ant plants are mainly influenced by ant species and, to a lower extent, by the local environment. This suggests that the ants actively select for at least part of the associated microorganisms and, thus, that the latter could have beneficial roles in the survival of the colonies and in the interaction with their host plants. Although the plant does not seem to contribute to the observed diversity in microbial communities, it could indeed benefit from their presence as already shown from the recent studies of Chaetothyriales fungi associated with plant ants. Our understanding of ant-plant-microorganism interactions and of the functioning of these interaction networks appears promising as a mean of shedding more light on the importance of biotic interactions in the evolution of biodiversity. Funding: Financial support for this study was provided by an Investissement d'Avenir grant of the Agence Nationale de la Recherche (CEBA, ANR-10-LABX-25-01) and by the PO-FEDER 2014-2020, Région Guyane (BING, GY0007194).
